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Abstract 
 
In most of the urban cities of developing countries piped water supply is intermittent and they 
receive water on alternate days for about few hours. The Unaccounted For Water (UFW) in these 
cities is very high due to aged infrastructure, poor management and operation of the system. In 
the cities of developing countries, supplied water is not able to meet the demand and there is 
huge gap between supply and demand of water. To meet the water demand people are depending 
on other sources of water like groundwater, rain water harvesting, waste water treatment, 
desalination etc. Huge quantity of groundwater is extracted without any account for the quantity 
of water used. The main challenge for water authorities is to meet the consumer demands at 
varying loading conditions. However, the present execution of decisions in the operational 
management of WDS is through manual control. The manual control of valve throttling and 
control of pump speed, reduces the efficiency and operation of WDS. In such cases, system 
modeling coupled with automated control can play a significant role in the appropriate execution 
and operation of the system. In the past few decades, there has been a major development in the 
field of modeling and analysing water distribution systems. Most of the people in Indian mega 
cities are facing water problems as they are not able to receive safe reliable drinking water. In 
rapidly growing cities, the water resources management has been a major concern for the 
Government. There is always a need to optimize the available water resources when the rate of 
demand constantly beats the rate of replenishments.  
 
Mathematical modeling of WDS has become an indispensible tool since the ages to model any 
type of WDS. Development of mathematical models of WDS is necessary to analyse the system 
behavior for a wide range of operating conditions. Using models, problems can be anticipated in 
proposed or existing systems, and solutions can be evaluated before time, money, and materials 
are invested in a real-world project. 
 
In the present study, we have developed a model of WDS of a typical city like Bangalore, India 
and analysed them for several scenarios and operating conditions. Bangalore WDS is modeled 
using EPANET. Before a network model is used for analysis purpose, it must be ensured that the 
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model is predicting the behavior of the system with reasonable accuracy. The process of 
matching the parameters of the developed model and the field observed data is known as 
calibration. All WDS require calibration for effective modeling and simulation of the system. 
Demand and roughness are the most uncertain parameters and they are adjusted repeatedly to get 
the required head at nodes and flow in the pipes. The calibration parameters usually include pipe 
roughness, valve settings, pipe diameter and demand. Pipe roughness, valve settings and pipe 
diameter are associated with the flow conditions and the demands relate to the boundary 
conditions. For Bangalore WDS, the values of roughness coefficient and demand are available; 
and the values of valve settings are not available. Hence, this value is estimated during 
calibration process. Dynamic Inversion (DI) nonlinear controller with Proportional Integral 
Derivative (PID) features (DI-PID) is used for calibrating WDS for valve settings on the basis of 
observed flow and roughness coefficient. From the obtained results it is observed that, 
controllers are capable of achieving the target flow to all the GLRs with acceptable difference 
between the flow meter readings and the simulated flow. After calibrating any real WDS to the 
field observed data, it will be useful for water authorities if the consumer demands are met up to 
certain extent. This can be achieved by using the concept of equitable distribution of water to 
different consumers.  
 
In the urban cities of developing countries, often large quantities of water are supplied to only a 
few consumers, leading to inequitable water supply. It is a well known fact that quantity of water 
supplied from the source is not distributed equitably among the consumers. Aged pipelines pump 
failures, improper management of water resources are some of the main reasons for it. Equitable 
water to different consumers can be provided by operating the system in an efficient manner. 
Most of the urban cities receive water from the source to intermediate reservoirs and from these 
reservoirs water is supplied to consumers. Therefore, to achieve equitable water supply, these 
two supply levels have to be controlled using different concepts/ techniques. The water 
requirement of each of the reservoirs has to be calculated, which may depend on the number of 
consumers and consumer category. Each reservoir should receive its share of water to satisfy its 
consumer demand and also there must be provision to accommodate shortages, if any. The 
calibrated model of Bangalore WDS is used to achieve equitable water supply quantity to 
different zones of Bangalore city. The city has large undulating terrain among different zones 
Abstract 
iv 
 
which leads to unequal distribution of water. Dynamic Inversion (DI) nonlinear controller with 
Proportional Integral Derivative (PID) features (DI-PID) is used for valve throttling to achieve 
the target flows to different zones/reservoirs of the city at different levels. Equitable water 
distribution to different reservoirs, when a part of the source fails to supply water is also 
discussed in this thesis. From the obtained results it is observed that, controllers were responding 
in all the cases in different levels of targets for such a huge network. When there is change in 
supply pattern to achieve the equitable supply of water to different zones, the hydraulics of the 
WDS will change. Therefore, it is necessary to understand whether the system is able to handle 
these changes. The concept of reliability can be used to analyse the performance of WDS for 
wide range of operating conditions. 
 
Reliability analysis of a WDS for both normal and likely to occur situations will give a better 
quality of service to its consumers. Calculating both hydraulic and mechanical reliability is 
important as the chances of occurrence of both the failure scenarios are equal in a WDS.  In the 
present study, a methodology is presented to model the nodal, system and total reliability for 
water supply networks by considering the hydraulic and mechanical failure scenarios. These two 
reliability measures together give the total reliability of the system. Analysing a real and 
complex WDS for the probable chances of occurrence of the failure scenarios; and then to anlyse 
the total reliability of the system is not reported in the literature and this analysis is carried out in 
the present study for Bangalore city WDS. The hydraulics of the system for all the operating 
conditions is analysed using EPANET. Hydraulic reliability is calculated by varying the 
uncertain independent parameters (demand, roughness and source water) and mechanical 
reliability is calculated by assuming system component failures. The system is analysed for both 
the reliability scenarios by considering different chances of failure that may occur in a real WDS; 
and hence the total reliability is calculated by making different combinations of hydraulic and 
mechanical failure scenarios. Sensitivity analysis for all the zones is also carried out to 
understand the behavior of different demand points for large fluctuation in hydraulics of the 
system. From the study, it is observed that, Hydraulic reliability decreases as the demand 
variation increases. But, as the roughness variation increases, there is no much change in the 
nodal or system reliability. Consumer demand or reliability of the WDS can be increased by 
saving the water lost in the system. This can be achieved by tracking the water parcel from the 
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source till the consumer end, which will give an idea about the performance of different stages 
and zones in achieving the target flows. 
 
Huge quantity of water is lost in WDS and hence it is necessary to account for the water lost at 
different levels, hence the system can be managed in a better way. In most of the intermittent 
water supply systems demand is controlled by supply side; there is also a need to understand the 
demand variation at the consumer end which in turn affects the supply. Matching this varied 
supply-demand gap at various levels is challenging task. To get a better control of such problem, 
water balance (WB) equations need to be derived at various levels. When we derive these WB 
equations it should be emphasized that UFW is one of the major component of this equation. 
Given this back ground of the complex problem, for a typical city like Bangalore, an attempt is 
made to derive WB equations at various levels. In the present study, stage-wise and zone-wise 
WB is analysed for different months based on the flow meter readings. The conceptual model 
developed is calibrated, validated and also the performance of the model is analysed by giving a 
chance of error in the flow measurement. Based on all the above observations, stage-wise and 
zone-wise water supply weights are also calculated.  From the study it is found that, there is no 
much loss of water in all the four stages of supply. Water loss is minimal of about 3 % till water 
reaches from source to GLRs. Water is transferred between the stages during some days of the 
month, may be due to shortage of water or due to unexpected demand. Huge quantity of water is 
lost in the distribution main which is of about 40 to 45% for all the moths which is analysed.  
This type of model will be extremely useful for water supply managers to manage their resources 
more efficiently and this study is discussed in detail as a part of this thesis.  
 
As mentioned above, huge quantity of groundwater is used in urban cities and the quantity of 
water extracted is not accounted. In the present study, zone wise and sub zone-wise piped water 
and ground water used in different parts of the cities is analysed with the help of available data. 
From the study it is observed that, the quantity of piped water supply and UFW is consistent for 
the time period analysed and the quantity of water withdrawn from the borewells are varying 
considerably depending on the yield of the borewlls in different zones.  
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The main components of urban water supply are piped water, ground water, rainfall and runoff 
generated, UFW, waste water produced and other water quantities which may be minute. In 
future, to manage the water resources properly, integrated water management is necessary in city 
scale which will give an idea about the total water produced and the water utilized at the 
consumer end. Therefore, integrated water management concept is carried out in Hebbal region, 
(a small part of Bangalore) using the available data. From the analysis we noticed that, domestic 
water supplied to North sub zones are better when comparing to East sub zones. This type of 
total water balance can be studied in other parts of Bangalore, to understand the behavior of 
different water components and to make better decisions.  
 
The developed model, analysis and operating conditions of this study can be applied to other 
similar cities like Bangalore. This type of study may be useful to water authorities for better 
control of the resources, or in making better decisions and these types of models will act as 
decision support systems. 
 
 
